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Phenol rejection by cellulose triacetate and thin film composite forward osmosis 
membranes 
Abstract 
This study aims to elucidate the separation of phenol by reverse osmosis (RO) and forward osmosis (FO) 
modes and propose strategies to enhance phenol rejection by these two processes. The results show 
that phenol rejection was strongly influenced by water flux, membrane materials, membrane structure, 
modes of operation, and feed solution chemistry (i.e. pH). The relationship between phenol rejection and 
water flux was demonstrated by the irreversible thermodynamic model which could accurately simulate 
phenol rejection as a function of water flux. At pH 7, phenol rejection by cellulose acetate (CTA) 
membranes was negligible while the thin film composite (TFC) polyamide (PA) membranes exhibited 
much higher phenol rejection. Through a systematic static adsorption experiment, results in this study 
show that phenol adsorption to CTA material was about 20 times higher than that to PA material. Thus, 
the observed higher phenol rejection by TFC PA compared to CTA membranes was attributed to the 
significantly higher affinity of phenol toward CTA and the sorption diffusion transport mechanism of 
phenol through the membrane. In particular, a TFC PA membrane specific for FO operation was prepared 
in this study. In FO mode, the tailor-made TFC PA membrane showed a slightly higher phenol rejection 
and a much higher water permeability compared to the commercial membrane. At the same water flux 
and solution pH, phenol rejection in FO mode was consistently higher than in RO mode. This observation 
could possibly be attributed to the reverse diffusion of draw solutes in the FO mode which hinders the 
forward diffusion of phenol through the membrane. A significant increase in phenol rejection was 
achieved by increasing the feed pH above the dissociation constant of the compound. 
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Abstract  25 
This study aims to elucidate the separation of phenol by reverse osmosis (RO) and forward osmosis (FO) 26 
modes and propose strategies to enhance phenol rejection by these two processes. The results show that 27 
phenol rejection was strongly influenced by water flux, membrane materials, membrane structure, modes 28 
of operation, and feed solution chemistry (i.e. pH). The relationship between phenol rejection and water 29 
flux was demonstrated by the irreversible thermodynamic model which could accurately simulate phenol 30 
rejection as a function of water flux. At pH 7, phenol rejection by cellulose acetate (CTA) membranes was 31 
negligible while the thin film composite (TFC) polyamide (PA) membranes exhibited much higher phenol 32 
rejection. Through a systematic static adsorption experiment, results in this study show that phenol 33 
adsorption to CTA material was about 20 times higher than that to PA material. Thus, the observed higher 34 
phenol rejection by TFC PA compared to CTA membranes was attributed to the significantly higher affinity 35 
of phenol toward CTA and the sorption diffusion transport mechanism of phenol through the membrane. In 36 
particular, a TFC PA membrane specific for FO operation was prepared in this study. In FO mode, the 37 
tailor-made TFC PA membrane showed a slightly higher phenol rejection and a much higher water 38 
permeability compared to the commercial membrane. At the same water flux and solution pH, phenol 39 
rejection in FO mode was consistently higher than in RO mode. This observation could possibly be 40 
attributed to the reverse diffusion of draw solutes in the FO mode which hinders the forward diffusion of 41 
phenol through the membrane. A significant increase in phenol rejection was achieved by increasing the 42 
feed pH above the dissociation constant of the compound. 43 




1.  Introduction 46 
Phenol is both an important precursor material and a toxic by-product in many industrial processes 47 
including paper manufacturing, oil refining, coking, petrochemical, and pharmaceutical production [1, 2]. If 48 
released into the environment, phenol can accumulate in ground water, soil, or surface water [3]. Phenol 49 
compounds and derivatives are harmful for living organisms even at a low concentration, thus are 50 
considered as priority pollutants [4]. Many chemical, physical-chemical, and biological methods have been 51 
utilized in treating phenol-containing wastewater, such as chemical methods including chemical oxidation, 52 
photo-oxygenation, supercritical water oxidation, and physical-chemical methods including solvent 53 
extraction, incineration, adsorption, steam stripping processes, and biological method including 54 
activated sludge process [4]. To determine a suitable technology for treating the phenol-containing 55 
wastewater, several criteria should be considered: operational cost and capital investment, treatment 56 
efficiency, generation of secondary waste streams or solid, and footprints. Taking these criteria as 57 
guidelines, current chemical, physical and biological processes are not optimal yet.  58 
Membrane technologies, mainly reverse osmosis (RO), nanofiltration (NF), have been challenged for 59 
phenol separation. Cellulose acetate membranes have been studied by several researchers in reverse 60 
osmosis process [5, 6]. Negative rejection was reported at an operational pressure ranging from 34-104 61 
bars at 30 
o
C [7]. Higher rejection was found for TFC membranes [4, 8, 9]. In a pressure driven RO process, 62 
the rejection of small molecules was affected by several factors: size and geometric constraints, charge 63 
repulsion, and “solute-membrane affinity”. The phenol compound may interact with the active coating 64 
layer based on hydrophobicity, hydrogen bonding capacity, and dipole moment [10-12]. The rejection 65 
mechanism for the low molecular weight organic solutes such as phenol and its derivatives was markedly 66 
different from that of simple aqueous salt solutions [13-17]. This strong affinity between the organic solute 67 
and the membrane material resulted in absorption of phenol and its derivatives into the membrane rather 68 
than being rejected. Recent work demonstrated that the “solute-membrane affinity” played a critical role in 69 
the rejection of trace organic contaminants [18-20], leading to a negative rejection on phenol of cellulose 70 
acetate (CA) or cellulose triacetate (CTA) [21]. 71 
RO and NF are pressure driven membrane processes [22]. For an osmotic pressure driven process, 72 
highly concentrated draw solution attracts water across the FO membrane, first the active separation layer 73 
followed by a porous support layer [23]. Very recent research work reported that FO process yielded higher 74 
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phenol rejection due to the contribution of reverse salt diffusion [24]. Another work compared the 75 
rejection of CTA and TFC membranes treating 0.47 ppm phenol in FO and RO processes. The results 76 
indicated the rejections of CTA membranes were lower than TFC membranes in FO and RO modes, and the 77 
adsorbed mass by the CTA membranes (1.07 µg/cm
2
) was higher than that by TFC membranes (0.75 78 
µg/cm
2
) in FO mode. However, the reported static adsorption experiment of TFC membranes included both 79 
the top layer and the support layer of TFC membranes, thus the results were actually an average of the 80 
polyamide (PA) active layer and the support layer [25]. Besides, the rejection of phenol by currently 81 
available RO and FO membranes were not sufficiently high and thus further treatment might be required 82 
(e.g. integral of membrane technologies and other conventional chemical and physical treatment 83 
approaches). An improved phenol removal rate in the primary treatment stages is highly desirable to 84 
achieve the overall treatment efficiency.  85 
Different driving forces may have different effects on phenol removal, and in turn reflecting in the 86 
removal efficiency. It is thus necessary to further understand and improve the separation performance of 87 
membranes. The correlation between retention and adsorption of phenol-like chemicals in NF membrane 88 
has been investigated before [26]. It was found that the increased adsorption of the organic matter lead to  89 
accelerated the diffusion of phenol across the membrane, hence decreased retention [26]. Based on the 90 
adsorption experiments using NF/RO membrane, the hydrophobic attraction was found to enhance the 91 
adsorption of phenolic compound on the membrane surface, and alter the rejection performance [27]. In 92 
this paper, we intended to systematically correlate the sorption of phenol in the active separating layer to 93 
the rejection in FO process. The actual rejection of phenol by both RO and FO membranes could be further 94 
improved. In this paper, we focus on further improvement of the removal rate of phenol using FO 95 
membranes based on the understanding of the adsorption and mass transfer of phenol in the active layer 96 
of both types of membranes. The feed was a synthetic phenol/NaCl/H2O mixture, representing the typical 97 
wastewater from the oil/gas industry. The commercial TFC FO, CTA FO, and tailor-made TFC FO membranes 98 
were selected for investigation. Irreversible thermodynamics model was utilized to simulate the 99 
performance of membranes in RO mode. Significant improvement in phenol removal in FO mode and high 100 
pH was found. Sorption of the active layer to the phenol was investigated based on both tailor-made TFC 101 
FO membrane and commercial membranes. Hypothesis for the increased removal performance was 102 
provided. The research provides a methodological approach for increasing the removal rate of phenolic 103 
matters from a mixture via FO membranes.    104 
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2.  Experimental 105 
2.1 Chemicals and membrane materials 106 
Flat sheet CTA and TFC membranes were kindly supplied from Fluid Technology Solutions (Albany, 107 
Oregon, USA). They are denoted as FTS-CTA and FTS-TFC, respectively. Phenol, N,N-dimethyl acetamide 108 
(DMAc), polyethylene glycol (PEG400), n-hexane, sodium hydroxide (NaOH) and sodium chloride (NaCl) 109 
were obtained from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). M-phenylenediamine (MPD) 110 
and trimesoyl chloride (TMC) were obtained from Sigma-Aldrich (Shanghai, China). These chemicals and 111 
solvents were of reagent grade. Polysulfone (PSf, P3500) was purchased from Solvay.   112 
2.2 Fabrication and characterization of TFC-FO membranes  113 
The PSf support and PA active layers were prepared by phase inversion and interfacial polymerization, 114 
respectively, as previously described in the literature. Briefly, the PSf support layer was prepared from a 115 
mixture of PSF (18 g)/ PEG-400 (8 g)/DMAC (74g). The mixture was stirred at 65 
o
C until a clear solution was 116 
obtained [28, 29]. After filtered, de-gassed, a film was cast (Elcometer 4340, Elcometer Asia Pte. Ltd) using 117 
a casting knife of 150 μm and immersed into a water bath of 30
 o
C. The resulting support PSf membrane 118 
was rinsed and stored in DI water. For preparation of TFC FO membrane, an interfacial polymerization was 119 
adopted as follows: a water phase (MPD 2 wt.%) and organic phase (TMC in hexane 0.15 wt.%) were 120 
brought to contact at the PSf membrane top surface for 2 and 1min, respectively; the TFC PA membrane 121 
was cured in an oven at 95 
o
C for 3 min, and stored in DI water before further analysis [28-31] . 122 
Key membrane transport parameters include salt rejection (R, %), pure water permeability coefficient 123 
(A, L/m
2
hbar), salt permeability coefficient (B, L/m
2
h) were determined using the standard protocol 124 
described by Cath et al., [32]. A laboratory scale cross-flow reverse osmosis system (Sterlitech Corporation) 125 
was utilized [32]. The effective membrane area was 24 cm
2
. The cross-flow velocity was maintained at 0.25 126 
m/s. All experiments were conducted at 25 ± 1 
o
C. The intrinsic water permeability, A, was determined by: 127 
	A = 	  ∆⁄                                                                           (1) 128 
The pure water flux, Jw, was measured by dividing the volumetric permeate rate by the membrane 129 
surface area with DI feed water under an applied trans-membrane pressure of 10 bar. Salt rejection was 130 
measured using 1000 ppm NaCl as the feed solution at 10 bar. The observed NaCl rejection, R, was 131 
7 
 
determined by Eq.(2):  132 
R = 1 −                                                                             (2) 133 
And the bulk feed (Cb) and permeate (Cp) were the salt concentrations.  134 
2.3 Surface characterization 135 
The membrane morphology was examined by a ZEISS SUPRATM 55 scanning electron microscope 136 
(SEM). Cross section samples were prepared by breaking the membrane under a cryogenic condition, 137 
followed by vacuum drying overnight at 30 °C and then gold coating.   138 
The membrane surface charge was characterized by a streaming electrokinetic analyzer (Surpass 139 
Anton Paar, Austria). The area of each sample was 0.2 × 0.1 cm
2
 and the membranes were immobilized to 140 
the adjustable gap cell (100 ± 2 μm). KCl solution (1.0 mmol/L) was used as the electrolyte. HCl and NaOH 141 
were used for pH adjustment. 142 
2.4 Membrane performance in FO mode 143 
A stainless steel FO membrane cell with length, width and channel high of 80, 30, and 2 mm was used. 144 
Two variable speed gear pumps (WT3000-1FA, Baoding Qili Precision Pump Co., Ltd) were used to circulate 145 
the draw and feed solutions concurrently. Two rotameters were used to monitor the draw and feed 146 
solution flow rates. The weights of the feed and permeate reservoirs were measured by digital balances 147 
(CP4202C, OHAUS Corporation) connected to a computer. In FO mode, the feed water flowed against the 148 
dense active layer. Both draw and feed solutions flow velocities were maintained at 0.25 m/s. The FO water 149 
flux was measured by monitoring the change in the weight of the draw solution. DI water and 0.5 mol/L 150 
NaCl were used as the feed and draw solutions, respectively. 151 











                                                                                   (3) 153 
Where △mds, △t, Sm, and ρw are the mass of permeation water, time interval, effective membrane 154 
surface area, and draw solution density, respectively. The change of draw solution concentration was 155 
negligible and the ratio of water permeation to the draw solution was less than 5%. 156 
The reverse salt flux, Js, of the membrane was characterized by calculating the change of salt content 157 
in the feed solution based on conductivity from Eq. (4): 158 
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(4)                                                                                                   160 
Where Ct and Vt are the salt concentration and the volume of the feed solution at time t, respectively. 161 
And C0 and V0 are the salt concentration and the volume of the feed solution at initial time, respectively. 162 
The solute resistivity, K, can be determined by the following equation [33]: 163 
K =   ln
Π,
Π,                                                                  (5) 164 
Where Jv is the FO water flux,	ΠD,b is the bulk osmosis pressure of the draw solution, and	ΠF,m is 165 
thosmosis pressure at the membrane surface on the feed side. ΠF, m can be calculated according to Eq. (6): 166 Π,Π, = exp	$                                                                          (6) 167 
The membrane structural parameter, S, was defined as the product of K and D [34]. 168 
S = &'                                                                              (7) 169 
The solute rejection R (%) was defined as the percentage of feed solutes that were retained by the 170 
membrane as described in Eq. (8): 171 
R  1 	
()*+) +⁄
(,
                                                                      (8) 172 
Where Cd (ppm) is the phenol concentration in the draw solution at the end of each FO test, Vd (L) is 173 
the final volume of the draw solution, Vp (L) is the volume of the permeate, and Cf (ppm) is the phenol 174 
concentration in the feed. Cd (ppm) and Cf (ppm) were determined using UV-Vis spectroscopy (Unico 175 
UV-2800). The peak value of absorbance wavelength was used to determine the concentration. The 176 
maximus absorbance wavelength of phenol was set at 270 nm. 177 
 178 
Fig. 1 Schematic diagram of the FO system. 1. membrane module; 2. feed solution container; 3. draw 179 
solution container; 4. balance; 5. thermostatic bath; 6. conductivity transmitter; 7. gear pump; 8. flowmeter; 180 
9. data collection and analysis system. 181 
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2.5 Experiments and modeling of phenol rejections in RO mode 182 
FTS-CTA, FTS-TFC and tailor-made-TFC membranes were evaluated using feed solutions containing 100 183 
ppm phenol at varying sodium chloride concentrations, applied pressures, and pH values. After 100 mL of 184 
permeate had been obtained, samples were taken from both the feed and permeate for measurement of 185 
phenol concentration. Solution temperature was maintained at 25 ± 1 
o
C. The feed pH = 11 of the TFC 186 
membrane was adjusted by adding a small volume of 4 mol/L NaOH.  187 
Based on irreversible thermodynamic model developed by Kedem and Katchalsky [35, 36], real 188 
rejection of an RO membrane can be expressed as:                                                      189 
-./01  	1 −
(
(
= 2	34 324                                                                 (9) 190 
F = exp	( (32)
67
	8)                                                                   (10) 191 
where 9 , Cp, Cm, Ps, Jv are the reflection coefficient, the concentration of permeate, the solute 192 
concentration on the membrane surface, solute permeability coefficient, and solvent flux, respectively. 9 193 
represents the fraction of solute reflected by the membrane in convective flow and ranges from 0 (no 194 
solute rejection) to 1 (no solute passage), while the solute permeability coefficient (Ps) represents the 195 
effective diffusivity of a solute inside a pore [37].  196 
Due to the concentration polarization, the solute accumulates at the membrane surface and the solute 197 
concentration on the membrane surface (Cm) is higher than that in the feed bulk (Cb). Therefore, the real 198 
rejection (Rreal) can be calculated from the observed rejection (Eq. 11) by taking account of the 199 
concentration polarization effect [38]: 200 
-:;<  1 −
(
(
                                                                        (11)  201 
-./01 =	 =>7	?@A	/C 	=>7	D/EF		/G3 H                                                             (12) 202 
where k is the mass transfer coefficient, which is correlated to the Sherwood number (Sh) [36]. 203 
2.6 Phenol rejection in FO mode 204 
FTS-CTA, FTS-TFC and tailor-made-TFC membranes were used in FO mode using the same feed 205 
solution described in section 2.5 for RO experiments. The temperature of the feed and draw solutions were 206 
maintained at 25 ± 1 
o
C. Because FTS-CTA membranes has higher mass transfer resistance, the 207 
concentration of the NaCl draw solutions were in the range of 1 - 4 mol/L and for FTS-TFC and 208 
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tailor-made-TFC membranes, the concentrations were in the range of 0.5 - 4 mol/L. At a permeate volume 209 
of 10 mL, the first samples from both feed and draw were taken, and the concentration were noted as Cf, 0 210 
and Cd,0, and the draw solution volume was noted as Vd,0. At the permeate volume of 100 mL, the second 211 
pair of samples were taken and the concentration were noted as Cf,t and Cd,t, and the draw solution volume 212 
was noted as Vd,t. Therefore, Eq. (8) can be written as:  213 
R = 1 −	 J(),K	*	+),K3	(),L	*	+),LM	/	+
((,,L	(,,K)/N
                                                 (13)                        214 
2.7 Adsorption capacity 215 
Samples of the tailor-made PSf support layer, TFC membranes of 150 cm
2
 (length x width = 10 cm x 15 216 
cm) were immersed into a 100 mL phenol solution of 10 ppm. The solution was constantly agitated by a 217 
magnetic stirrer. Aqueous samples were taken at the beginning and after 24 h for adsorption calculation. 218 
The thickness of the PA layer was taken as 40 nm [39], which could be justified by SEM images of the active 219 
layer [28]. The mass of the phenol absorbed per unit area of PA layer was determined by comparing the 220 
adsorption of phenol to the TFC membrane sample (both the PSf supporting and active layer) and only the 221 
PSf supporting sample. Since the CTA membranes showed an integral structure, adsorption was accounted 222 
for to both the active and support layer.  223 
3. Results and discussion 224 
3.1 Membranes characterization   225 
Fig. 2 shows the top surface and cross section SEM images of the FTS-CTA, FTS-TFC, and 226 
tailor-made-TFC membranes. The FTS-CTA membrane has a smooth surface (Supplementary Data Fig. S1 A) 227 
and is reinforced by an embedded mesh in the middle (Fig. 2A). The TFC-FTS membrane also has a smooth 228 
surface and consists of three distinctive layers: the PA active, the ultrafiltration support, and the nonwoven 229 
support (not shown) layer. Unlike the FTS-TFC membrane, the tailor-made-TFC membrane consists of a PA 230 
active layer with a rough surface of myriads of corrugation on top of a PSf support layer with finger-like 231 
voids in the middle and sponge porous structure at the top and bottom (Fig. 2C and 2D). It is noteworthy 232 
that the tailor-made TFC membrane does not have a nonwoven support layer.  233 





Fig. 2 SEM images of FTS-CTA, FTS-TFC, and tailor-made-TFC membranes. 237 
  238 
Fig. 3 shows the surface charge of the FTS-CTA, FTS-TFC, and tailor-made-TFC membranes as a function 239 
of pH. All three membranes became more negatively charged as the solution pH increased. Zeta potentials 240 
of membrane surface depend on the solution (e.g. pH and ionic strength) and the membrane polymeric 241 
chemistry. The observed highly negatively charged TFC membrane surface particularly at high pH is 242 
attributed to the presence of free carboxylic groups, which can be ionized at high pH to become negatively 243 
charged [40, 41]. By contrast, the CTA only contains the acetyl functional groups, which are not ionizable. 244 
Thus, the negative potential of the CTA can only be attributed to the adsorption of negatively charged ions 245 
(e.g. hydroxide) to the membrane surface [41]. As a result, the CTA membrane was less negatively charged 246 
compared to both the TFS-TFC and tailor-made TFC membranes (Figure 3). 247 
 248 
Fig. 3 The zeta potential of FTS-CTA, FTS-TFC and tailor-made-TFC as a function of pH. The electrolyte 249 
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solution contained 1 mmol/L KCl (error bars show the standard deviation of three experimental 250 
measurements). 251 
 252 
Further details about the three membranes are summarized in Table 1. Although salt rejection by 253 
these three membranes are comparable, ranging from 96.8 to 97.8%, they differ markedly from one 254 
another in terms of the structural parameter (S) and water permeability (A value). The structural parameter 255 
(S) of the FTS-TFC membrane (1,720 µm) was considerably higher than that of the tailor-made-TFC 256 
membranes and the FTS-CTA membrane (170 µm). Unlike the tailor-made TFC membrane, which was 257 
mechanically supported by only a microporous PSf support layer, an additional nonwoven fabric layer was 258 
used in the commercially available FTS-TFC membrane. This additional nonwoven fabric layer can explain 259 
for the significantly larger S value of the FTS-TFC compared to the tailor-made TFC. The CTA membrane 260 
showed a much thinner support layer of about 40 µm (Fig. 2A). As a result, internal concentration 261 
polarization in the TFC membrane is more severe than that of the CTA membrane. However, a very high 262 
mass transfer resistance of the CTA membrane (low water permeability) results in a comparable water flux 263 
(6.0 ± 0.1 L/m
2
 h) to that of the tailor-made-TFC membrane (9.3 ± 1.5 L/m
2
 h) in the FO mode when the 264 
same draw solution of 0.5 mol/L NaCl was used (Table 1).  265 
 266 
Table 1 Characteristics of tailor-made-TFC, FTS-TFC and FTS-CTA membranes 267 
Note：A, B and rejection values were determined by RO using 1000 ppm NaCl as feed under pressure of 10.0 ± 0.1 bar. S, Jv 268 
and Js/Jv values were obtained from FO test using 0.5 mol/L NaCl and deionized water as draw and feed solutions, 269 
respectively under FO mode (active layer facing the feed solution).  270 
3.2 Effect of salinity and pH in RO mode 271 
Fig. 4 showed the water fluxes and phenol rejections by the FTS-CTA, FTS-TFC, and tailor-made TFC 272 
membranes in RO mode at neutral pH (pH = 7) as a function of applied pressure and NaCl concentration in 273 
the feed. As expected, the water fluxes increased as the feed pressures increased. A slight reduction in 274 




















tailor-made-TFC 2.57±0.04 97.8±0.4 0.39±0.09 821±54 9.3±1.5 0.30±0.05 
FTS-TFC 1.35±0.12 96.8±0.2 0.10 ±0.05 1,640±100 5.5±1.3 0.27±0.05 
FTS-CTA 0.38±0.01 97.4±0.4 0.09±0.01 170±10 6.0±1.0 0.20±0.05 
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Phenol rejections by the three membranes differ markedly from one another. For the CTA membrane, no 276 
phenol rejections were observed at all operational pressures. For the two TFC membranes, the rejections 277 
increased significantly as the operational pressures increased from 1.9 to 5.9 and 9.9 bars. However, above 278 
10 bars, no further increase in phenol rejection could be observed. Since the water flux increased as the 279 
applied pressure increased, these results show that phenol rejection is a function of water. The relationship 280 
between water flux and phenol rejection will be discussed further in the next section. Fig. 4 also showed 281 
that phenol rejections of FTS-CTA, FTS-TFC and tailor-made TFC membranes were mostly independent of 282 
the NaCl concentration in the feed solution. The stable rejection of phenol as independent of NaCl 283 
concentration also confirms that the membranes were not damaged by the presence of phenol in the feed 284 
solution.  285 
Phenol rejections by the FTS-TFC and tailor-made TFC membranes at pH 11 were measured (Fig. 5). 286 
Since the CTA membrane is sensitive to an alkali condition [42], it was not used to evaluate phenol 287 
rejection at pH 11. The dissociation of phenol to phenolate occurs at pKa = 9.95; at pH> 9.95, phenol 288 
transforms to ionic form, phenolate (Supplementary Data Fig. S2). One may take this advantage as an 289 
effective means to improve the removal rate of phenol. At pH = 11, the FTS-TFC and tailor-made TFC 290 
membranes showed minor reduction in flux comparing to the case at feed pH = 7; however, the phenol 291 
rejections increased drastically at higher pH. Because phenolate is negatively charged, the negatively 292 
charged active PA layer (Fig. 3) repulses the matters with the same charges (charge repulsion) [43]. Since 293 
there exists both phenol and phenolate and the rejection to phenol is low, the total rejection to phenol 294 
(and phenolate) was still below 90%.  295 
The other interesting observation was the gradual reduction of the rejection as the NaCl concentration 296 
increasing (Fig. 5 (b) and (d)). The addition of NaCl or ionic strength increase can compress the Debye 297 
length of a charged species, resulting in a decrease in electrostatic interactions by double layer 298 
compression or charge shielding between phenol (present the phenolate anion at pH = 11) and the 299 
membranes [44]. Similar observation has been reported by Tabassi et al., [9]. These results differ from 300 
those shown in Fig. 4 when the feed solution pH was 7. At pH 7, phenol exists in a neutral form, 301 
electrostatic interaction does not affect the separation of phenol, and thus, the rejection of phenol was not 302 






Fig. 4 Fluxes and phenol rejections of FTS-CTA, FTS-TFC and Tailor-made-TFC membranes at pH = 7, different 307 
feed solutions and operating pressures; (a) and (b) FTS-CTA membrane; 9.3-18.1 bar; (c) and (d) FTS-TFC 308 
membrane; 2.3-20.6 bar; (e) and (f) Tailor-made-TFC membrane; 1.9-14.1 bar; the feeds of (b), (d), and (f) 309 
were different NaCl concentrations added into 100 ppm phenol, respectively;  310 
 311 
(a) FTS-CTA; pH = 7 (b) FTS-CTA; pH = 7
(c) FTS-TFC; pH = 7 (d) FTS-TFC; pH = 7
(e) Tailor-made-TFC; pH = 7 (f) Tailor-made-TFC; pH = 7
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Fig. 5 Fluxes and phenol rejections of FTS-TFC and Tailor-made-TFC membranes at pH = 11; the feeds were 313 
at pH = 11; other operation conditions were the same as Fig. 4 (c)-(f). 314 
3.3 Modelling the transport of phenol in RO process 315 
The irreversible thermodynamic model was used to further elucidate the rejection behaviors of phenol 316 
in RO mode. From the observed rejection data and the mass transfer coefficient (k), the real rejection (Rreal) 317 
at different permeate flux were calculated using Eq. (12). The reflection coefficient (σ) and solute 318 
permeability coefficient (Ps) were obtained by fitting the real rejection data to the irreversible 319 
thermodynamic model (Eqs. 9, 10) and the data were summarized in Table 2. The irreversible 320 
thermodynamic model could describe very well the rejection of phenol by FTS-TFC, FTS-CTA, and 321 
tailor-made-TFC membranes under all experimental conditions (Fig. 6). The reflection coefficient (σ) of TFC 322 
membrane was higher than that of CTA membrane, and increased at higher feed pH, especially for 323 
tailor-made-TFC. Consequently, TFC membrane showed lowest solute permeability coefficient (Ps) at pH = 324 
11 (Table 2).  325 
 326 
(a) FTS-TFC; pH = 11 (b) FTS-TFC; pH = 11
(c) Tailor-made-TFC; pH = 11 (d) Tailor-made-TFC; pH = 11
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Fig. 6 Real phenol rejections of by FTS-TFC, FTS-CTA and tailor-made-TFC membranes as a function of 328 
reciprocal permeate flux. Feed: 100 ppm phenol + 1000 ppm NaCl (feed in pH = 7 and pH = 11); for CTA 329 
membrane, the operational pressures were 9.3-18.1 bars; for FTS-TFC membrane, the pressures were 330 
2.3-20.6 bars; for tailor-made-TFC membrane, the pressures were 1.9-14.1 bars. 331 
 332 
Table 2 Transport parameters of phenol through the FTS-TFC, FTS-CTA, and tailor-made-TFC membranes 333 
and the fitting coefficient of determination (R
2
) of the irreversible thermodynamics model. 334 
Membrane O	[-](95% confidence bounds) Ps [m/s] (95% confidence bounds) R2[-] 
FTS-CTA (pH = 7) 0.001 (0, 0.0011) 9.0 x 10-6 (6 x 10-6, 1.7 x 10-7) 0.99 
FTS-TFC (pH = 7) 0.772 (0.73, 0.81) 4.4 x 10-6 (4 x 10-6, 4.8 x 10-6)  0.99 
Tailor-made-TFC 
(pH = 7) 
0.820 (0.86, 0.79) 2.5 x 10-6 (2.3 x 10-6, 2.6 x 10-6)  0.99 
FTS-TFC (pH = 11) 0.925 (0.97,0.87) 1.0 x 10
-6 
(1.1 x 10-6, 9.5 x 10-5 )  0.99 
Tailor-made-TFC 
(pH = 11) 
0.95 (0.99,0.92) 0.6 x 10
-6 
(0.4 x 10-6, 0.8 x 10-5 )  0.99 
 335 
3.4 Comparison of phenol rejection in FO and RO modes 336 
3.4.1  Phenol rejection in FO and RO modes 337 
Fig. 7 shows the relationship between the rejection and flux in both RO and FO mode, for FTS-CTA, 338 
FTS-TFC and tailor-made-TFC membranes (feed pH = 7). The low water permeability of CTA membranes 339 
corresponded to low water fluxes even at 18.1 bar. No discernible phenol rejection was observed at a low 340 



































water flux in both RO and FO modes up to a critical point at about 10 L/m
2
 h. At FO flux of 15 L/m
2
 h, the 341 
rejection of FTS-CTA membranes increased to 22%. For TFC membranes, notable phenol rejection was 342 
observed at water flux as low as 2.5 L/m
2
 h (Fig. 7 (a)). As the water flux increased, phenol rejection 343 
increased and finally reached to a plateau value at a sufficiently high the water flux (>20 L/m
2
 h). Rejection 344 
pattern shown in Fig.7 (b) and 7 (c) is similar to that of a typical nanofiltration process as previously 345 
reported by He et al., [43].  346 
It is notable from Fig. 7 (b) and 7 (c) that at the same water flux, phenol rejections were much higher 347 
in FO modes than in RO modes. To ensure the integrity in the CTA, FTS-TFC and tailor-made-TFC 348 
membranes, the rejection to NaCl in RO mode and the ratio of reverse salt diffusion and water flux Js/Jv 349 
were measured (Fig. S3 and S4). The results confirm that both membranes were not deteriorated by the 350 
phenol.  351 
 352 
Fig. 7 Phenol rejection by the (a) FTS-CTA (b) FTS-TFC (c) tailor-made-TFC membranes at various water 353 
fluxes. In FO mode, for FTS-CTA membrane, the draw were 1-4 mol/L; for FTS-TFC and tailor-made-TFC 354 
membranes, the draw were 0.5-4 mol/L. In RO mode, the operation conditions were showed in Fig. 6. All 355 
solutions were at pH = 7; solution temperature was maintained at 25 ± 1 
o
C. 356 
3.4.2  Sorption and diffusion of phenol in CTA and TFC membranes   357 
Phenol sorption in the CTA and PA active layers was systematically quantified to elucidate their 358 
different separation capacity toward phenol (Fig. 8). Phenol adsorption to the CTA active layer (40 mg/m
2
) 359 
was much higher than that to the PA active layer (2.07 mg/m
2
). Lower adsorption than the reported work 360 
by Schutte [14]. The phenol adsorption in PSf support layer was observed to be 54 mg/m
2
, much higher 361 
than CTA membranes. However, in RO or FO modes, the PSf support do not directly contact with the feed 362 
solution. In reality, the actual absorbed phenol in the PSf support would be significantly lower, and detailed 363 
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sorption data for TFC and CTA membranes can be seen in Table S2. In a recent report, comparison of the 364 
adsorption of phenol for CTA and TFC membrane in FO mode confirmed that the adsorption of phenol 365 
strongly affected the rejection behavior of phenol [25]. Due to the strong “solute-membrane affinity”, the 366 
CTA membranes had higher sorption capacity resulting in a much lower rejection than that by the TFC PA 367 
membranes. Phenol transport through the membrane is governed by sorption-diffusion. Dynamic analysis 368 
of the phenol rejection by CTA and TFC membranes is described below: (1) at first, there exists an initial 369 
absorption and sorption dominates the rejection, leading to a temporarily higher initial rejection; (2) once 370 
the sorption capacity of the membrane is exhausted, rejection is dominated by diffusion. Indeed, declining 371 
rejection by nanofiltration membranes over time due to sorption-diffusion has been observed for organic 372 
compounds containing phenolic groups [18, 19].  373 
 374 
Fig. 8 Adsorption capacity of FTS-CTA and TFC-tailor made membranes and only the PSf-tailor made 375 
supporting layer (error bars show the standard deviation of three experimental measurements).  376 
 377 
CTA membranes are cellulose-based with acetyl and hydroxyl functional groups that are non-ionogenic, 378 
however, TFC membrane surface is aromatic polyamide chains, which showed ionizable carboxyl groups 379 
[41]. Phenol has a stronger hydrogen bonding attraction with hydroxyl functional groups than carboxyl 380 
groups [21]. For CTA membranes, the solute-membrane attraction dominated over the water-membrane 381 
attraction and no rejection actually occurred. However, for TFC membranes, besides the weaker attraction, 382 
the thickness of the active PA layer was much thinner than cellulose triacetate layer, which meant much 383 
lower adsorption load of phenol occurred in the TFC active layer. In addition, former reported research 384 
indicated CTA membrane showed higher diffusion flux than TFC membrane [14]. Quantitatively, the phenol 385 
permeability in the CTA (9.0 x 10
-6





m/s) and tailor-made-TFC membrane (2.5 x 10-6 m/s) (Table 2). Hence, the low rejection of CTA membrane 387 
for phenol than TFC membrane is a combination of higher adsorption and diffusion. 388 
3.5 Further improvement in the phenol rejection 389 
Fig. 7 showed higher rejection to phenol in FO using TFC membrane, however, the rejection rate was 390 
still low, for FTS-TFC about 60% and for tailor-made-TFC membrane about 78% at a feed pH = 7. Fig. 5 391 
showed improved phenol rejection above 80% using FTS-TFC and tailor-made-TFC membranes at a feed pH 392 
= 11 in RO mode. Combining the beneficiary factors of feed pH and FO, further improvement in the phenol 393 
rejection is probable. Fig. 9 (a) and (b) showed the relation between the rejections and flux in both RO and 394 
FO modes for FTS-TFC and tailor-made-TFC membranes at pH = 7, and 11. For FTS-TFC membrane, the 395 
phenol rejection increased from 89% at 5 L/m
2
 h to 94.5 % at 11 L/m
2
 h; and for tailor-made-TFC 396 
membrane, the phenol rejection increased from 90% at 9 L/m
2
 h to 96.7 % at 21.4 L/m
2
 h. The mechanism 397 
for the improved rejection to phenol at pH = 11 in FO mode is schematically shown in Fig. 9 (c).  398 
In FO mode, TFC membranes showed higher rejections than that of RO mode. That was mainly 399 
resulted from the reverse salt flux, phenol molecules and the salt diffused at the reverse directions, reverse 400 
salt hindered the diffusion of the phenol within the membrane pores, leading to reduced phenol diffusion 401 
across the active layer in FO mode [45]. The second factor is the feed pH value; at pH 11, phenolate exists a 402 
negatively charged; negatively charged TFC active layer further repulses the negatively charged phenolate 403 
species, resulting in a dramatically increased phenol rejection. In conclusion, TFC membrane in FO mode is 404 





Fig. 9 (a) phenol rejections of FTS-TFC membrane (b) tailor-made-TFC membrane at various water fluxes 408 
and different pH (c) schematic diagram of higher phenol rejection in FO mode by reverse salt flux and 409 
electrostatic repulsive force between membrane and phenolate. (a) Feed: 100 ppm phenol + 1000 ppm 410 
NaCl; the pressures were 2-20 bars, respectively in RO, and the draw were 0.5-4 mol/L in FO; solution 411 




4. Conclusions 414 
The separation of phenol via RO and FO modes was investigated systematically, and the strategies to 415 
enhance phenol rejection by the two process were proposed. The results showed that water flux, 416 
membrane materials, membrane structure, modes of operation, and feed solution chemistry (i.e. pH) were 417 
the factor which could strongly influenced phenol rejection. And the rejection-flux performance was 418 
accurately modeled based on the irreversible thermodynamic theory. At pH 7, the thin film composite (TFC) 419 
polyamide (PA) membranes exhibited much higher phenol rejection than that of cellulose acetate (CTA) 420 
membranes. Static adsorption experiment showed that phenol adsorption to CTA material was about 20 421 
21 
 
times higher than that to PA material. Thus, the higher affinity of phenol toward CTA and the sorption 422 
diffusion transport mechanism of phenol through the membrane resulted in the lower observed phenol 423 
rejection. For TFC membranes, at the same water flux and solution pH, the phenol rejection in FO mode 424 
was higher than in RO mode, tailor-made TFC membrane was slightly higher than the commercial TFC 425 
membrane, which probably attributed to the retarded forward diffusion to hinder the forward diffusion of 426 
phenol within the membrane pores. Further increase in the phenol rejection was achieved by increasing 427 
the feed pH above the dissociation constant due to the charge repulsion. 428 
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